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αCaMKIILong-lasting synaptic changes following information acquisition are critical steps for memory. In this process,
long-term potentiation (LTP) is widely considered as one of the major cellular mechanisms modifying synaptic
strength. It can be classiﬁed into early phase LTP (E-LTP) and late phase LTP (L-LTP) based on its duration.
Using genetically modiﬁed mice, investigators have recognized the critical role of CaMKII in E-LTP and memory.
However, its function in L-LTP, which is strongly dependent on gene transcription and protein synthesis, is still
unclear. In this review, we discuss how different isoforms of CaMKII are coordinated to regulate gene expression
in an activity-dependent manner, and thus contribute to L-LTP and memory. This article is part of a Special Issue
entitled: 13th European Symposium on Calcium.
© 2015 Elsevier B.V. All rights reserved.1. CaMKII and its role in neuronal plasticity
Calcium/calmodulin-dependent protein kinase II (CaMKII) is a mul-
tifunctional protein kinase critical for cellular Ca2+ signal transduction,
with diverse functions ranging from the regulation of carbohydrateme-
tabolism to neuronal plasticity [1]. Abundantly expressed exemplars of
a larger superfamily of Ser/Thr protein kinases, the CaMKIIs comprise a
family of isoforms that are derived from four genes (α, β, γ and δ).
Typically, CaMKII holoenzymes are multimers containing ~12 subunits,
each subunit being endowed with catalytic, regulatory, variable and
association domains. These structural features are appropriate for
kinase activity, Ca2+/CaM binding, subcellular targeting and multimer
formation.
Although the CaMKII family is ubiquitous, theαCaMKII andβCaMKII
isoforms are mainly expressed in the brain.αCaMKII is well-recognized
for its critical contributions to neuronal plasticity and memory. Its
regulatory domain contains a key target for phosphorylation (T286 in
αCaMKII, T287 in β, γ and δCaMKII) that can generate autonomous
kinase activity [2] and a long-lasting Ca2+/CaM-bound state [3,4].
These unique features enable the activity of αCaMKII to become Ca2+
independent after activation and allow it to function as a Ca2+ spike
frequency detector [5]. Inhibiting its regulatory domain with peptides
or knocking out the αCaMKII gene prevented long-term potentiationopean Symposium on Calcium.
d.tsien@nyumc.org(LTP), suggesting the necessity of αCaMKII activity in LTP [6–10].
Moreover, experimental introduction of activated CaMKII increases
the synaptic strength, but prevents the further induction of LTP, sug-
gesting that activated CaMKII might also be sufﬁcient for inducing
LTP [11].
Consistent with a critical role for αCaMKII in LTP, knocking out
αCaMKII impaired learning and memory [7,12]. A knock-in mouse in
which themajor autophosphorylation site T286 ofαCaMKII wasmutat-
ed was deﬁcient in LTP and memory [13–15]. This is interesting since
the process of learning and memory, especially long-term memory,
is not only dependent on LTP induction and the early phase of synap-
tic potentiation (E-LTP), but also relies on the enduring maintenance
of LTP (late phase of LTP, L-LTP). In the past, extensive studies have
focused on the role of CaMKII in E-LTP. For example, CaMKII not
only phosphorylates AMPA receptors to enhance channel function
[8,16], but also helps support the insertion of AMPA receptors into
the membrane [17,18]. Unlike E-LTP, L-LTP is mainly dependent on
protein synthesis [19]. However, the role of CaMKII in L-LTP is largely
unknown [20–22], though the cAMP pathway and the cAMP- and
Ca2+ responsive-element-binding protein (CREB) are clearly in-
volved [11,23–26]. Initial studies in Aplysia neurons found that
preventing CREB activation impaired long-term facilitation, but spared
short-term facilitation [27,28]. This was consistent with later studies,
which demonstrated that many genes critical for neuronal plasticity
were CREB target genes [29]. Indeed, the functional importance
for learning and memory of CREB phosphorylation, CRE-dependent
transcription and consequent protein synthesis has been ﬁrmly
established in organisms ranging from Aplysia to Drosophila to mice
[6,11,15,30–37].
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Fig. 1.The structure ofγCaMKII is similar to the other isoforms of CaMKII, butwith a nearly
unique NLS (nuclear localization sequence) in the variable domain that is regulated by
phosphorylation state of Ser334.
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“Excitation–transcription (E–T) coupling” conveys electrical signals
at the surface membrane to gene expression within the nucleus,
which is critical for activity-dependent protein synthesis and enduring
forms of neuronal plasticity including L-LTP. This fundamental process
is exempliﬁed by activity-dependent regulation of the transcription
factor CREB via phosphorylation at Ser133, already highlighted for its
importance in synaptic plasticity. However, fundamental questions
persist about the mechanisms that link neuronal activity to CREB phos-
phorylation and nuclear gene expression.
Compared to the other type of voltage-gated Ca2+ channels like
CaV2 (N- and P/Q-type) channels, CaV1 channels contribute only a frac-
tion of the overall Ca2+ entry in neurons, yet they play a dominant role
in controlling gene expression [38–40]. Several lines of evidence suggest
that a local mechanism near CaV1 channels establishes its advantage in
signaling to the nucleus [41]. First, CaV1 signaling to drive phosphoryla-
tion of the nuclear transcription factor CREB is strongly blocked by the
Ca2+ chelator BAPTA, but not the slow on-rate chelator EGTA, indicating
that incoming Ca2+ acts within a radius of b1 μm from themouth of the
channel [42]. By contrast, CaV2 channels use a “global” mode of Ca2+
signaling, requiring Ca2+ to spread over supramicron distances to
induce pCREB activation, which was prevented by both EGTA and
BAPTA [41]. Second, both CaV1 and CaV2 channels utilize the same
local mechanism near CaV1 channels to communicate with the nucleus,
whereas the CaV2 signal is preferentially curbed by uptake into the
endoplasmic reticulum (ER) and mitochondria. Relief of mitochondria
calcium buffering with FCCP or ER calcium uptake with Thapsigargin
resulted in the emergence of a CaV2-mediated pCREB response.
This source-biased buffering limits the spatial spread of Ca2+,
further curbing CaV2 signaling to the local mechanism near CaV1
channels and gene expression. Third, despite the global nature of
CaV2 signaling to the nucleus, it also passes through the same CaV1
pathway, which is initiated by the recruitment of CaMKII (α- and
β-isoforms) near CaV1 channels on the membrane. Calcium inﬂux
from either CaV1 channels or CaV2 channels triggers CaMKII transloca-
tion, resulting in puncta of CaMKII near CaV1 channels regardless of
the Ca2+ source. Fourth, blocking the activity of CaMKII with KN-93, a
selective inhibitor that prevents CaM binding to CaMKII, prevented
CaMKII recruitment and pCREB response. In line with this, knocking
down the expression of αCaMKII and βCaMKII with speciﬁc shRNAs
inhibited the pCREB response induced by either CaV1- or CaV2-derived
Ca2+ signals [5,41].
Taken together, these ﬁndings make it clear that αCaMKII and
βCaMKII play a critical role in initiating the local pathway from CaV1
channels to the nucleus by aggregation near CaV1 channels. This process
is important for CREB phosphorylation and gene expression, which in
turn engenders new protein synthesis and LTP maintenance. Interest-
ingly, the activation of L-type channels is thought to be a key triggering
mechanism in the establishment of enduring forms of LTP [43–45].
Furthermore, the translocation of αCaMKII to postsynaptic density
(PSD) triggered by NMDA signal has been shown to be critical for
E-LTP [8,13,46–48]. Thus, local activity-dependent CaMKII recruitment
plays a critical role for both LTP induction and maintenance. However,
the identity of the intermediatemechanism that links CaMKII transloca-
tion and CaV1 channel activity to nuclear regulation of gene expression
has remained unsettled.
3. Nuclear translocation of γCaMKII in E–T coupling
AlthoughαCaMKII andβCaMKII are recruited to CaV1 channels upon
stimulation, they themselves cannot directly convey the signal to the
nucleus since these isoforms neither contain a nuclear localization sig-
nal (NLS) to confer nuclear targeting nor display translocation to the nu-
cleus [49]. To achieve this, a signaling pathway downstream of local
CaMKII recruitment near CaV1 channels must come into play. Previouswork has demonstrated that CaM can move from cytoplasm to nucleus
upon elevation of [Ca2+]cyto in dissociated neurons [49], heart cells
[50] and mammalian cell lines [51,52]. Importantly, neuronal CaM
translocation is dependent on the activity of CaV1 channels and is criti-
cal for CREB activation, whichmakes it a logical candidate to convey the
membrane signal from CaV1 channels to the nucleus [49]. However,
there has been no explanation of how CaM, a small molecule lacking
an NLS, might travel to the nucleus other than by passive diffusion or
how it might remain Ca2+-bound over the time (~10–100 s) required
to arrive there.
By contrast to αCaMKII or βCaMKII, the γ isoform of CaMKII has
received little attention as a target of neuroscientiﬁc research since its
discovery 25 years ago [53,54]. γCaMKII is enriched in the brain of ma-
ture mammals, but it is also expressed in heart, smooth muscle, liver,
and the immune system [54–58], possibly reducing its attractiveness
for neuroscientiﬁc study. However, the importance of γCaMKII in the
brain can be inferred from genetic studies in which variations in
CAMK2G are associated with unreliable memory performance [59] and
mental retardation [60]. Multiple lines of evidence have suggested
that γCaMKII serves as the long-sought Ca2+/CaM shuttle to convey
the signal from CaV1 channels to the nucleus [5]. The increase in
pCREB was eliminated (1) by knockdown of γCaMKII with shRNA,
which was rescued by shRNA resistant γCaMKIIR but not γCaMKIIR
T287A (deﬁcient in phosphorylation at T287); (2) by interference
with Thr287-phosphorylation of γCaMKII by knockdown of βCaMKII
(αCaMKII level being very low in superior ganglion neurons); and
(3) by pharmacological elimination of nuclear transport of γCaMKII
and CaM. Thus, γCaMKII, together with αCaMKII and βCaMKII, detects
local Ca2+/CaM signal near CaV1 channels. Together, these isoforms
work like runners to activate CREB and control gene expression: the
ﬁrst kind (αCaMKII and βCaMKII) pacing the race, but the second
(γCaMKII) shooting past to the ﬁnish.
Like αCaMKII, γCaMKII contains all of the canonical structural do-
mains or sites of CaMKII (Fig. 1) [1]. It contains a regulatory sequence
wherein phosphorylation at Thr287 (structurally equivalent to T286 of
αCaMKII) will support a long-lasting Ca2+/CaM-bound state [3,4].
Such “CaM trapping” enables phosphorylated γCaMKII to serve as a
binding partner of Ca2+/CaM long after a transient increase in cytosolic
Ca2+ has subsided [49,61,62]. In addition to this, subtly distinctive
features of neuronal γCaMKII are well suited for the task of nucleus-
directed signaling. For example, it contains a NLS, ﬂanked by a regulato-
ry serine (S334), supporting a nuclear localizationmechanismprevious-
ly established for other CaMKII isoforms [63]. Moreover, brain-enriched
isoforms of γCaMKII contain an actin binding motif in their variable
domain, very much like βCaMKII and β′CaMKII [64]; this is consis-
tent with a role for F-actin in the mobilization of CaMKII [65]. Thus,
γCaMKII most closely resembles βCaMKII, but also contains a NLS
for nuclear targeting. It is also interesting to note that although γCaMKII
contains an actin binding domain, it is localized to the F-actin in a
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forms of CaMKII [66]. This hints at structural differences that might be
of relevance when pursuing other aspects of γCaMKII function. Further
work is needed to follow up clues that γCaMKII mainly translocates to
the nucleus as homomultimers rather than heteromultimers. Oddly
enough, Densin-180, a critical structural protein in E–T coupling [41],
displays a preference for homomultimers rather than heteromultimers
[16].
Although the structural features of neuronal γCaMKII ﬁt its role in
signaling to the nucleus, it may not be immediately obvious why the
activity of αCaMKII or βCaMKII is necessary in this process. Interest-
ingly, catalytic activity of γCaMKII seems to be intrinsically slow,
particularly with regard to intersubunit autophosphorylation [67].
This property needs further characterization, but it immediately
puts αCaMKII or βCaMKII, which have faster catalytic rates [67], in
a strategic position to phosphorylate γCaMKII at Thr287; this
would enable αCaMKII or βCaMKII to “lock in” the Ca2+/CaM signal
[5]. Consistent with this, Ma et al., 2014 further found that activated
βCaMKII was sufﬁcient to increase the Thr287-phosphorylation
of γCaMKII. This was further demonstrated in vitro by the use of
bead-concentrated, kinase-deadγCaMKII as substrate, therebymimick-
ing the local kinase environment near CaV1 channels in neurons [5].
In summary, the overall structural features of the neuronal γCaMKII
isoforms, combined with synergistic actions of αCaMKII and βCaMKII
within the Ca2+ nanodomain, are well-suited for signaling to the
nucleus.
4. Signaling in the nucleus
γCaMKII, in addition to serving a shuttle for CaM, is also endowed
with a catalytic domain just like the other isoforms of CaMKII. A
logical question is whether γCaMKII operates as a kinase when it
carries CaM into the nucleus. It would not be surprising if it acted
as a catalytic agent like PKA and MAPK, which move to the nucleus
to activate transcription factors and gene expression [68,69].
Interestingly, with endogenous γCaMKII knocked down, overex-
pression of kinase-dead γCaMKII rescued both CaM translocation
and CREB phosphorylation to a degree no different than kinase
active γCaMKII. These results suggest that the catalytic activity of
nuclear γCaMKII is not necessary for E–T coupling; rather the CaM
that it shuttles into the nucleus is likely to be the signal activating
CREB [5]. In the future studies, it will be interesting to look further for
any functional contributions of γCaMKII kinase activity upon arrival in
the nucleus.
CaM activates CREB through CaMKIV activation, which has multiple
regulatory effects, phosphorylation of CREB being only one of the im-
portant results. CaMKIV can activate CREB binding protein (CPB) [70],
which works in coordination with CREB and other transcription factors
such as CREST [71]. Indeed, the phosphorylation of CPB was not only
prevented by the CaV1 channel blocker nimodipine, but also strongly
inhibited by the global calcium buffer EGTA (introduced as an AM
ester; B. Li, unpublished data). Thus, CPB can be activated by CaMKIV
via a local signal from CaV1 channels through γCaMKII shuttling, while
the duration of its activation might also be inﬂuenced by the global
calcium elevation [72,73]. Indeed, knocking out CBP in mice impaired
both L-LTP andmemory [74], indicating the importance of this signaling
pathway in long term neuronal plasticity. Moreover, CaMKIV also
controls the nuclear localization of class II histone deacetylases [75]
and plays a prominent role in the regulation of alternative splicing of
pre-mRNA [76,77], acting via site-speciﬁc phosphorylation of heteroge-
neous nuclear ribonucleoprotein L (hnRNP L), a regulator of a key splic-
ing factor [78]. Thus, by activating nuclear CaMKIV through the γCaMKII
shuttle, CaV1 channels may exert a dominant role in wide-ranging
phenomena in the nucleus such as depolarization-induced activation
of CBP, histone deacetylation and exon selection, in addition to CREB
phosphorylation.5. Clinical implications
Multiple genetic studies have recognized the relevance of CAMK2G,
the gene that encodes γCaMKII, to brain dysfunction. For example,
γCaMKII is prominently represented in a genetic cluster that inﬂuences
memory performance and hippocampal activity in humans [59]. The
authors demonstrated that variability of human memory performance
can be correlated to variability in genes encoding proteins implicated
in molecular cascades active in memory formation in experimental
animals. CAMK2G appeared high in a list of much more renowned
proteins such asNMDAandmetabotropic glutamate receptors, adenylyl
cyclase, PKA, and PKC. The individual proﬁle of genetic variability in
these signaling molecules correlated signiﬁcantly with episodic memo-
ry performance (P b 0.00001), with a substantial contribution from
CAMK2G. Furthermore, the makeup of the genetic proﬁle correlated
strongly with functional activation in memory-related brain regions,
including the hippocampus and parahippocampal gyrus. It remains
unknown how the genetic variation in CAMK2G affects the functional
contribution of γCaMKII. Interestingly, the protein level of γCaMKII
increases signiﬁcantly after memory retrieval, which suggests that it
might be interesting to think about the role of γCaMKII in processes
such as extinction and reconsolidation that are initiated by memory
retrieval [80].
Both γCaMKII and βCaMKII appeared prominently in a quantitative
proteomic screen for proteins that are upregulated in an animal model
of depression [79]. The focus was on signaling proteins in the lateral
habenula (LHb), a key brain region in the pathophysiology of depres-
sion. Levels of γCaMKII and βCaMKII were both signiﬁcantly up-
regulated in the LHb of animal models of depression. Li et al. [79] con-
centrated on manipulating βCaMKII, the best known of the affected
signaling proteins. They found that increasing βCaMKII in the LHb, but
not αCaMKII strongly enhanced the synaptic efﬁcacy and spike output
of LHb neurons and was enough to elicit severe depressive symptoms,
including anhedonia and behavioral despair. Conversely, down-
regulation of βCaMKII levels, blocking its activity or its target, the gluta-
mate receptor GluA1, reversed the depressive symptoms. Although Li
et al. [79] did not focus on this, their supplemental Figure shows that
γCaMKII was elevated in the depressed animals to at least the same
degree asβCaMKII,makingγCaMKII an attractive target for futurework.
Finally, regulation of the level of γCaMKII appears aberrant in the
prefrontal cortex (PFC) of some mouse models of schizophrenia [9].
Disruption of NMDA receptor signaling, either by pharmacological
(dizocilpine) or genetic (NR1 hypomorphism) manipulations, caused
a reduction in the abundance of miR-219, a brain-speciﬁc miRNA. This
in turn brought about an increase in the abundance ofγCaMKII. Further-
more, in vivo inhibition of miR-219 by speciﬁc antimiR in the mouse
brain attenuated the behavioral responses associated with disruption
of NMDA receptor transmission. These data support an integral role
for miR-219 in the expression of SCZ-like behaviors associated with
NMDA receptor hypofunction. Taken together, the recent studies high-
light the potential role of γCaMKII in multiple neuropsychiatric
disorders.
6. Conclusion and future perspective
Alternative splicing of CaMKII generates a multitude of isoforms for
each CaMKII subunit and it is intriguing that neuronal αCaMKII,
βCaMKII and γCaMKII work in close coordination in carrying out the
task of signaling to the nucleus (Fig. 2). Clusters of CaV1 channels help
mark a nucleation point for molecular participants in surface-to-
nucleus communication. The complex of Ca2+/CaM-γCaMKII is recruit-
ed to CaV1 channels where another isoform of CaMKII (β in sympathetic
neurons, α and β in cortical pyramidal neurons) also gathers. In the
CaV1 nanodomain, γCaMKII is phosphorylated at T287 by the activated
α/βCaMKII, which traps the associated Ca2+/CaM so that it dissociates
very slowly even in the face of lowered cytoplasmic Ca2+ [5]. The
Fig. 2. The recruitment ofα, βCaMKII to CaV1 channels is critical of neuronal LTP induction
and E-LTP. Unlike the other isoforms, γCaMKII contains a nuclear localization sequence.
This almost unique feature enables γCaMKII to enter the nucleus in an activity-dependent
manner, which triggers gene expression and in turn regulates L-LTP.
1956 H. Ma et al. / Biochimica et Biophysica Acta 1853 (2015) 1953–1957nucleus-oriented co-translocation of Ca2+/CaMwithγCaMKII, supported
by the NLS of γCaMKII, connects two local signaling domains, the ﬁrst
positioned at clusters of surface CaV1 channels, the second domain at
nuclear CaMKIV, the distal target. UnlikeαCaMKII andβCaMKII, the func-
tion of γCaMKII in LTP is still unclear. The identiﬁcation of a vital function
for γCaMKII in E–T coupling gives a fresh opportunity toﬁnd biochemical
distinctions between E-LTP and L-LTP. Is it possible that γCaMKII
shuttling, aided by αCaMKII and βCaMKII near CaV1 channels, works as
an integrative record of synaptic activity in the service ofmemory forma-
tion? Further studies using genetically modiﬁed γCaMKII mice will be
helpful to address this question and clarify the function role of γCaMKII
in L-LTP and memory.
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